The X and Y chromosomes of the mouse, like those of other mammals, are heteromorphic over most of their length, but at the distal ends of the chromosomes is a region of sequence identity, the pseudoautosomal region (PAR), where the chromosomes pair and recombine during male meiosis. The point at which the PAR diverges into X-and Y-specific sequences is called the pseudoautosomal boundary. We have completed a genomic walk from the X-specific Amelogenin gene to the PAR. Analysis of this region revealed that the pseudoautosomal boundary of mice is located within an intron of a transcribed gene that encodes a novel RING finger protein. The first three of the exons of the gene are located on the X chromosome whereas the 3 exons of the gene are located on both X and Y chromosomes. This unusual arrangement may indicate that the gene is in a state of transition from pseudoautosomal to X-unique and provides evidence for a process of attrition of the pseudoautosomal region on the Y chromosome.
The X and Y chromosomes of mammals are thought to have evolved from an identical pair of autosomes but since the acquisition of the sex-determining gene, the homology of the Y chromosome with the X has been almost completely eroded (1) . Only a small region of identity is retained that is responsible for pairing and recombination between the chromosomes. Genetic analysis has demonstrated that loci within this region are capable of exchange between the X and Y, unlike the nonhomologous portions of these chromosomes, and therefore they behave like small autosomes. However, these loci show varying degrees of sex linkage and are thus pseudoautosomal (2) .
The pseudoautosomal boundary is the point at which the pseudoautosomal region, where the X and Y chromosomes are identical, diverges into X-specific and Y-specific sequences and is therefore the proximal limit to legitimate X and Y recombination (3) . Genetic analysis in humans has revealed that the degree of sex-linkage of any pseudoautosomal locus is dependent upon its distance from the boundary: the further away the locus the weaker the linkage (4) . Therefore, whilst the position of the crossover between the X and Y chromosomes is random, the exchange of loci close to the boundary is a relatively rare event (3) .
The nonhomologous portion of the X chromosome undergoes X-inactivation in female cells so that the gene dosage within this region is equalized between XY males and XX females. Because both males and females have two copies of all pseudoautosomal genes there is no requirement for dosage compensation and all of the human pseudoautosomal region (PAR) genes, and the single mouse PAR gene, that have been examined so far have proved to escape X-inactivation (5) (6) (7) (8) . This raises the question of whether escape of the X-inactivating signal is a property of the genes themselves or whether there is a block situated at or near the PAR boundary that prevents the spread of the X-inactivation machinery.
The mouse PAR appears to be of distinct evolutionary origin to the human PAR. None of the genes that localize to the human PAR appear to map to the mouse PAR; on the contrary these genes, when mapped in the mouse, are located on autosomes (9) (10) . Furthermore the human homologue of the only mouse PAR gene cloned, Steroid Sulfatase (Sts), is located just proximal to the boundary within the X-unique portion (11) . It has been suggested that this lack of similarity between the PARs of different mammalian species can be explained by the repeated addition of autosomal segments onto the PAR during the course of mammalian evolution together with continual attrition or loss of pseudoautosomal material from the Y chromosome (12) . To study the structure and evolution of the mouse PAR we have identified sequences flanking the pseudoautosomal boundary. Intriguingly, we found that the boundary was located within an intron of a transcribed gene. We discuss the implications of this finding in understanding the evolution of PARs in mammals.
MATERIALS AND METHODS
STS PCR Markers and YAC Libraries. The YAC libraries used were the Medical Research Council Human Genome Mapping Programme combined mouse YAC library from which the yeast artificial chromosome (YAC) IU18 was isolated and the MIT mouse YAC library (through Research Genetics, Huntsville, AL) from which all the other YACs were obtained. Superpools were screened with primer pairs using PCR conditions of 45 cycles of 94°C for 30s, 52°C for 30s and 72°C for 60s. Yeast clones were grown in AHC and DNA extracted for rescreening by PCR and end rescue by inverse PCR (13) . DXYCbl1 is a 282-bp marker produced using the primers CACTATAGTTTTGGCCATAG and GGACGTG-TATAATCTGGATG and was derived from the left end of YAC IU18. DXYCbl2 is 154-bp product produced from the primers ACATGGACAACTTCGGGAAG and CACAC-TATTAAGGGACTTCC and was derived from the right end of YAC 42C9. The marker DXCbl1 is a 185-bp product derived from the PCR primers ATCTATCCCTTTTTCTGAGG and CAACATGTTGACAAGTTTGG and was produced by exon trapping the YAC IU18. DXYCbl3 is a 194-bp marker amplified using the primers GCCTGAGCAGCATAAAAGAC and TAGGACTAACAAGAGAGGTG and was derived from the YAC 42C9. The sequences of the other markers generated during the walk are available on request.
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Abbreviations: RT-PCR, reverse transcription-PCR; PAR, pseudoautosomal region; YAC, yeast artificial chromosome; Amg, Amelogenin; STS, sequence-tagged site. Data deposition: The sequence reported in this paper has been deposited in the GenBank database (accession no. AF026565). § To whom reprint requests should be addressed. e-mail: alana@ icr.ac.uk. resed on 0.8% agarose gels. The gels were blotted according to the method of Church and Gilbert (14) and probed overnight by the same method or for shorter periods using Rapid-Hyb (Amersham). For pulsed field gels, DNA embedded in agarose was prepared from kidneys of male C57BL͞6 mice and digested with PacI as described (15) . Samples were fractionated using a Biometra (Tampa, FL) R23 Rotaphor for 65 h in 0.9% agarose at 13°C in 0.25ϫ TBE (90 mM Tris͞64.6 mM boric acid͞2.5 mM EDTA, pH 8.3). Gels were alkali-blotted to Oncor Sureblot membrane following the manufacturer's protocol and hybridized to probes followed by a final wash of 0.2ϫ standard saline citrate (1ϫ standard saline citrate ϭ 0.15 mM sodium chloride͞0.015 M sodium citrate, pH 7) at 65°C.
Exon Trapping, cDNA Screening, and Reverse Transcription (RT)-PCR Analysis. Exons were identified within YACs using the vector GET (16) and the exon trapping procedure as described (16) . An exon discovered using this method was used to probe a 11.5-day postcoitum fetal mouse cDNA library. The resulting two clones were sequenced and each was found to contain an ORF but be truncated at the 5Ј end. To obtain the full-length coding sequence, rapid amplification of cDNA ends (17) was performed using cDNA made from testis RNA. The PCR fragments obtained from this experiment were cloned and sequenced and new PCR primers were designed at their extremities. These primers were then used in an RT-PCR using mouse brain cDNA as the template. The resulting fragment was cloned into pBlueScript and sequenced. Both strands of DNA were sequenced using fluorescent chain terminators and analyzed on Applied Biosystems 373 or 377 sequencers. Expression of the Fxy cDNA was analyzed by RT-PCR as described (18) 
RESULTS

Identification of Markers Spanning the Pseudoautosomal Boundary of Mice.
A major obstacle to identification of pseudoautosomal sequences was the paucity of markers in the distal part of the mouse X and Y chromosomes. In initial experiments we attempted to gain access to the mouse PAR using the few markers that had been assigned to this region. However none of these markers identified YACs or P1 clones that mapped to the PAR. Amelogenin (Amg) (19) was the closest defined gene that had been mapped proximal to the boundary on the X chromosome and hence we initiated a genomic walk from this point toward the PAR. Using primers derived from the mouse Amg sequence (19) , YACs containing the gene were obtained and the ends rescued by inverse PCR (13) . These end fragments were sequenced and primers were designed and tested to produce sequence-tagged site (STSs). Each of these STSs were screened on DNA samples from the European Collaborative Interspecific Backcross (20) or on DNA from mouse͞hamster somatic cell hybrids (21) to establish that the YAC end was X-derived before returning to the YAC library for rescreening. At the outset there was no means of knowing the orientation so the walk was bidirectional. The contig developed by this method covers Ϸ2.5 Mb and the portion of the walk from Amg to the PAR is shown in Fig. 1a . At the end-point of this walk two YAC end STSs (DXYCbl1 and DXYCbl2) mapped to the distal X and also to the Y chromosome and were thus candidates for localization to the PAR (Fig. 1b) .
The PCR primers used to amplify DXYCbl1 yielded an equivalent sized band in C57BL͞6 (B6) and Mus spretus DNA but use of a somatic cell hybrid panel (21) mapped this marker to both the X and Y chromosomes. DXYCbl2, which is located 2 kb proximal to DXYCbl1 is variant between the two species in that the PCR produces a band of 1 kb from B6 DNA but not from M. spretus DNA and could therefore be used to provide a more definitive map location using European Collaborative Interspecific Backcross (20) . In 33 European Collaborative Interspecific Backcross DNA samples of animals derived from the F 1 backcross to M. spretus (20) no recombinants were found between DXYCbl2 and DXMit12 or DXYMov15, placing it in a very distal X chromosome location.
Using males produced by the F 1 female backcrossed to B6, it is possible to distinguish between X-unique and X͞Y map locations. The F 1 mother has a M. spretus derived X chromosome and a B6-derived X chromosome. Sons of this female inherit X-specific alleles derived from either one species or the other in a hemizygous fashion. Therefore markers such as DXMit12 are positive for the B6 band in only half of the males produced. However, if the marker is also on the Y chromosome, such as DXYMov15, all of the males are positive because they all possess a B6-derived Y chromosome. In 12 males selected from this cross, 5 were positive for the B6-derived DXMit12 band but all 12 were positive for DXYCbl2.
Although these STSs clearly map to the distal portion of the X chromosome this analysis does not allow mapping on the Y chromosome. However the marker DXYCbl1 hybridizes in both males and females to a variable length PacI fragment of known pseudoautosomal origin (22, 23) that cohybridizes with the probe pMov15.1 (Fig. 2) . Therefore this analysis demonstrates a physical proximity to known pseudoautosomal markers on both the X and Y chromosomes.
The fact that the walk began from an X-specific location and one extreme of the walk yielded pseudoautosomal markers means that the pseudoautosomal boundary must have been crossed. The opposite ends of the YACs from which DXYCbl1 and DXYCbl2 were derived both map specifically to the X chromosome (Fig. 1a) , therefore the search for the boundary could be confined to these YACs. During the course of an experiment to obtain expressed sequences from this region (described below), a DNA marker was rescued that was found to be only 7 kb away from DXYCbl2 and that mapped exclusively to the X chromosome as determined by analysis of the somatic-cell hybrid panel. The X-specific nature of this locus, DXCbl1, is also readily visible by comparing the dosage of hybridizing bands in male and female DNAs (Fig. 3) . When the same blot is stripped and probed with DXYCbl1, the identical X-linked band hybridizes in lanes digested with BamHI but gives an additional strong band that is clearly present in multiple copies. The Mouse PAR Contains a Variable Copy Number Repeat. The pseudoautosomal probes DXYCbl1, -2, and -3 all hybridize in both male and female DNAs to a repeat band that is usually of greater intensity than the single copy X-specific band (Fig.  3 and data not shown) . In a series of digests with a variety of restriction enzymes the repeat band is usually found to be a single very intense band. In a small number of cases, bands of a weaker intensity are also found at different molecular weight to the main band. This suggests that the sequence is remarkably similar between the individual units that comprise this repeat element. The basic repeat unit must be longer than 12 kb because the band is approximately that size in EcoRVdigested DNA without any indications of junction fragments that might suggest a single restriction site within the repeat unit. The complement of repeat units in each individual can be estimated by comparing the intensity of the repeat band against the internal X chromosome control band in DNA cut with BamHI. It is assumed that the female X band is derived from two single copies and the male from one single copy. We estimate, by PhosphorImager analysis, that the female C57BL͞10 mouse (Fig. 3) has Ϸ18 copies. A male of the same strain was found to have Ϸ24 copies (data not shown). It is clear from the other tracks that the number of repeat units is variable, not sex-specific and in some cases (FVB female) the repeat unit is apparently absent. When the same probe, DXYCbl1, is hybridized to DNA cut with PacI and separated on pulsed field gels, single bands are identified that cohybridize to the known PAR probe pMov15.1 (Fig. 2) (22, 23) . If these data are taken in conjunction with the variability of the repeat copy number it appears highly likely that the repeat bands are derived from a tandem repeat array within the PAR that is directly adjacent to the boundary.
A RING Finger Gene Spans the Pseudoautosomal Boundary on the X Chromosome. We searched for genes close to the boundary on the X chromosome by exon trapping the YAC IU18 from which the YAC-end STS DXYCbl1 was derived (Fig. 1a ). An exon was discovered using this method that corresponds to the previously described probe DXCbl1 and is located 7 kb proximal to the pseudoautosomal boundary on the X chromosome. Screening of cDNA libraries and the rapid amplification of cDNA ends procedure (17) was used to isolate cDNA, which was subsequently sequenced (Fig. 4 ). An inframe termination codon is present upstream of the putative initiating methionine indicating that we have isolated the entire ORF. The gene, Fxy (ring finger on X and Y), encodes a novel 667-amino acid protein with a RING finger domain (24) near the amino terminus (Fig. 4) . Fxy is transcribed at a low level in every tissue tested to date as assayed by RT-PCR (Fig. 5) but the mRNA is not readily detectable by northern blotting. The 3Ј rapid amplification of cDNA ends fragment produced contains no polyA tail but 20 bp after the stop codon is a series of tandem repeats that are highly homologous to the macrosatellite repeat that constitutes the DXYMov15 locus (25, 26) , located in the pseudoautosomal region.
The gene is oriented in a 5Ј-3Ј: centromere-telomere fashion. The exon originally found in the exon trapping experiment at DXCbl1 is within an X-specific region of the chromosome (Fig. 3) as are two more 5Ј exons (Fig. 5) . However, the remaining 3Ј exons all lie within the PAR. Analysis by both PCR and Southern hybridization demonstrated that the exon located 3Ј to DXCbl1 is located within the repeat located at the pseudoautosomal boundary. Thus three of the exons of the Fxy gene are located on the X chromosome whereas the 3Ј exons of the gene are located on both X and Y chromosomes. If the entire cDNA is used as a probe on the pulsed field gel blot shown in Fig. 2 , the same variable PacI fragments are identified as those that hybridize with pMov15.1 and DXYCbl1 (data not shown). Therefore the gene lies wholly within the highly variable PacI fragment that spans the boundary of the X chromosome and occupies a region of the PAR that contains a series of large repeats described above, the macrosatellite repeats of the DXYMov15 locus (25, 26) (also located in the 3Ј untranslated region of the Fxy gene; Fig. 4 ) and a region of telomere-derived (TTAGGG)n simple sequence repeats (22, 23) . To confirm that the whole of the gene is transcribed as a unit rather than as two separate genes on either side of the boundary, we performed RT-PCR with primers scattered through the gene (Fig. 5 ). This showed that the gene is apparently ubiquitously expressed and is transcribed across the pseudoautosomal boundary.
DISCUSSION
The pseudoautosomal boundary has unique properties in mammalian genomes. It is the point of divergence between the pseudoautosomal region, which is identical on the X and Y chromosomes, and X and Y specific sequences. Hence it might be expected that certain constraints would have to be placed on chromosome and gene organization in this vicinity. The only pseudoautosomal boundary that has been characterized previously in any detail is that of primates (27, 28) . Here we describe the organization of the X-unique and PAR sequences flanking the pseudoautosomal boundary in the mouse. The PAR sequences immediately adjacent to the boundary are shared by a variable number of large, highly conserved repeating units that all map to this region (22, 23) . The variation in the copy number of the repeat could be explained by recombination slippage and unequal exchange. This explanation is supported by the finding that PacI restriction fragments hybridizing to the pseudoautosomal probes pMov15͞1, PAR4 (22, 23) , and now DXYCbl1 show large variations in size between the DNAs of individual, genetically identical, and inbred mice. We have shown that the precise pseudoautosomal boundary on the X is located at the junction of single copy X-unique DNA and one of the pseudoautosomal variable copy number repeat units in C57BL͞6 mice (unpublished work). This has complicated the molecular analysis of the region and the full structure of the boundary on the Y chromosomes remains to be elucidated. However, because the copy number of the repeat appears to vary in almost every individual, the position of the boundary may not be at exactly the same place in every male mouse but may vary according to the number of repeats on each of the sex chromosomes.
We have shown that the pseudoautosomal boundary on the X chromosome is spanned by a transcribed gene, Fxy, encoding a RING finger protein. The three most 5Ј exons of the gene including a significant proportion of the coding potential of the gene are X-unique. However the 3Ј portion of the gene is present both on the X and Y chromosomes and is included within the repeat present in the PAR. The 3Ј exons of the gene are therefore present in multiple copies on the X and Y (Fig.  6 ). We have not found a transcription unit from the Y chromosome that includes the 3Ј exons of Fxy. However, the Y chromosome certainly lacks the 5Ј end of this gene that includes the exons that encode the RING finger domain. The Fxy gene is of unknown function but its closest homologue is the gene Rpt-1, which is a signal transduction molecule involved in the regulation of the interleukin 2 receptor (29) . The expression pattern of Fxy also gives no clues to its function. The low level of expression in a range of tissues could imply that it has a housekeeping role in all cells or it could mean that the major functional site of expression remains to be determined.
The only other pseudoautosomal boundary that has been described in detail is also spanned by a gene. The human boundary is spanned by the PBDX gene that encodes the XG blood group antigen (30) . The orientation of PBDX is 5Ј-3Ј: telomere-centromere, which is opposite to the orientation of Fxy across the mouse pseudoautosomal boundary. Therefore both humans and mice have a gene that is intact on the X chromosome but is truncated on the Y chromosome-the mouse Y lacks the 5Ј end of Fxy and the human Y the 3Ј end of PBDX. It is probable that these truncated versions of the genes are without function and they would therefore not be under selective pressure. Mutations in the Y copy would have no effect on the net functional amount of Fxy protein in a given individual nor would pairing and segregation of the mutant Y chromosome be affected. However, mutation could lead to the suppression of recombination between the X and Y chromosomes in the region proximal to the new mutation because any recombination would transfer the mutation to the functional X copy. Consequently animals inheriting the new mutation in Fxy   FIG. 5 . Expression of the Fxy gene. PCR primer sets (i, ii, and iii) derived from the sequence of Fxy, or as a control Hprt, were used to amplify cDNA made from the indicated tissues. For i, ii, and iii, the products were electrophoresed on an agarose gel, blotted to a membrane, and hybridized with Fxy cDNA. For Hprt a photograph of an ethidium bromide stained gel is shown. ⌿ indicates the position of the pseudoautosomal boundary. Multiple introns are present between all the primer pairs and no product is amplified from genomic DNA. The sequences of the primers are described in Materials and Methods. on their X chromosomes would be expected to suffer deleterious consequences perhaps reducing reproductive fitness. Isolated from recombination, this region of the PAR on the Y chromosome would be susceptible to any number of further mutations without functional consequences apart from a slight shortening of the PAR.
It has been suggested that the PAR in mammals is evolving by the addition of autosomal segments to the PAR together with progressive loss of material from the Y chromosome PAR (12) . In this ''addition-attrition'' hypothesis the site of attrition is the point at which the homologous PAR diverges into X-and Y-specific sequences, i.e., the pseudoautosomal boundary. The action of attrition is part of the ongoing process that, it is suggested, has degraded the Y PAR since the origin of the sex chromosomes from a pair of homologous autosomes (12) . We propose that the presence of truncated genes at the pseudoautosomal boundary of the Y chromosome of both humans and mice reveals the process of attrition at work. If this is correct then it seems possible, due to this process, that the Fxy gene might be fully pseudoautosomal, or have been rendered completely X-unique, in other mammalian species.
